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Abstract 
An optimized fuel cycle option for Generation III/IV systems could be co-management of the minor actinides in an integrated 
closed fuel cycle. This approach implies separating these actinides from the fission products, and then converting them to 
solid forms to re-fabricate fresh fuel. Oxalate compounds are well known for this purpose. Co-management process is based 
on the oxalic co-precipitation of An(IV) and An(III) in a mixed oxalate as, for example, the hexagonal phase, M+2+xAnIV2-
xAnIIIx(C2O4)5·nH2O with M+ representing a singly-charged cation. A study of the Th-Nd-M+ hexagonal oxalate systems has 
been carried out in order to understand the charge compensation mechanisms implicated in the formation of mixed oxalates 
systems. 
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1. Introduction 
Lanthanide and actinide oxalates are very important compounds for their use in analytical chemistry, synthesis 
routes and nuclear chemistry. In fact, the remarkably low solubility of f-element oxalates in acidic solution and 
the flexibility of the oxalate ligand lead to actinides-based solid oxalates which are particularly suitable 
precursors of actinide oxides. In particular, oxalic acid precipitation of plutonium has become a major step during 
the reprocessing of nuclear fuel at an industrial scale at the end of the PUREX process, to recover plutonium 
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from nitric acid solutions in order to convert this energetically valuable element into oxide further used for the 
MOX production. 
Starting from Pu(IV) solutions, Pu(C2O4)2·6H2O, is precipitated. This oxalate is isotypic to the neptunium [1] 
and uranium [2] analogs and decomposes to plutonium dioxide through various steps involving Pu(IV)/Pu(III) 
redox reactions [3]. Starting from Pu(III) solutions, Pu2(C2O4)3·nH2O (n = 10) is precipitated. The structure of the 
term n = 9 has been recently reported [4]. When plutonium (III or IV) is associated with other actinides such as 
Th(IV), U(IV), Np(IV) or Am(III) in a nitric solution containing hydrazinium as stabilizing agent, mixed 
An(IV)/An(III) oxalate precipitates that pertain to two types of solid solutions with compositions 
(M+)2+xAnIV2-xAnIIIx(C2O4)5·nH2O and (M+)1-x[AnIII1-xAnIVx(C2O4)5.2H2O]·4H2O are obtained [5].The mixed 
oxalate solid solutions which can be used for fabrication of advanced fuel can be advantageously exploited to 
obtain oxide solid solutions in which actinide mixtures are perfectly homogeneous at the atomic scale. 
These oxalate solid solutions were first seen in U(IV)/Ln(III) oxalates and the structures were determined 
from single crystals obtained by diffusion of the metallic ions through silica gel impregnated with oxalic acid 
[2,3]. The structure of the first one derived from that of (NH4)2U2(C2O4)5ÂH2O [4] by substitution of An(III) for 
U(IV) and the second from that of Na[Yb(C2O4)2(H2O)]·3H2O [7] by substitution of An(IV) and An(III) for 
Yb(III). In the two series the monovalent cations compensate the variable charge and occupy the tunnels and the 
interlayer spaces of the three and two-dimensional actinide-oxalate frameworks with hexagonal and tetragonal 
symmetry, respectively. 
The type of the obtained solid solution depends of many factors such as the nature of the An(IV)/An(III) 
couple, the substitution rate and the nature of the monovalent cation. In particular the role of the single-charged 
cation on the stabilization of the hexagonal or tetragonal structure and on the domain of solid solution is not 
understood. In this paper we report the study of the influence of the monovalent cation by using alkaline ion (M+ 
= Li+, Na+, K+, Rb+, Cs+) and ammonium on the domain of the hexagonal solid solution precipitated in the same 
experimental conditions (fixed nitric acid, oxalic acid and monovalent cation concentrations) in the thorium-
neodymium oxalate system as a model system, thorium being used instead to U(IV) to preclude the presence of 
hydrazinium ion added to stabilize U(IV) in nitric solution and neodymium as a surrogate for actinide (III). The 
influence of the monovalent cation on the unit cell variation of the oxalates and on the morphology of the 
precipitate is also reported. 
 
2. Experimental section 
2.1. Reagents 
Neodymium and thorium nitrates (Aldrich, 99.9% Reagent Grade Nd(NO3)3·6H2O and Fluka, 99%, 
Th(NO3)3~5H2O) were used to prepare Th(IV)-Nd(III) solutions. Ammonium, lithium, sodium, potassium, 
rubidium and cesium nitrates were added when appropriate (Aldrich, 99.9% Reagent Grade). 
Synthesis 
Crystallized mixed oxalate powders were synthesized under fixed conditions by adding a nitric acid solution 
of thorium and neodymium nitrate salts to a concentrated oxalic acid solution. Alkali metal or ammonium nitrates 
were present in both media. Nitric acid and ammonium or alkali nitrate playing the role of the single-charged 
cations were held constant for all the experiments. Each series was prepared in molar ratio Th/(Th+Nd) = 0, 0.1, 
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1. Fine white or pale purple powders were filtered off and then dried 
during 12 hrs in a desiccation oven at 70°C. 
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2.2. Powder X-ray diffraction 
X-ray powder diffraction data were obtained with a D8 A25 Advance Bruker-AXS diffractometer equipped 
with a Lynxeye linear detector in ș–ș mode, using CuKĮ radiation. Each powder pattern was recorded within an 
angular range of 5°-60° in 2ș, with steps of 0.02° and a counting time of 0.6 s per step. 
The refinement of the unit cell parameters was carried out using the “pattern matching” option of the Fullprof 
program [8] where only the profile parameters (cell dimensions, peak shapes, background, zero point correction 
and asymmetry) were refined. The peak shape was described by a pseudo-Voigt function with an asymmetry 
correction at low angles. In order to describe the angular dependence of the peak-full width at half-maximum 
(H), the formulation of Caglioti et al. [9] was used, H2=U tan2ș+ V tan ș+ W, where the U, V and W parameters 
were refined. 
2.3. Scanning electron microscopy 
Crystal images were collected on a Hitachi S-4700 FEG Scanning Electron Microscope equipped with a field 
emission gun. 
3. Results and discussion 
Whatever the monovalent cation used during precipitation the hexagonal series of solid solution 
(M+)2+xTh2-xNdx(C2O4)5·nH2O is obtained as a single phase in a domain (x1-x2) that depends of the 
monovalent cation. For x < x1 the hexagonal phase is accompanied with thorium oxalate dihydrate 
Th(C2O4)2·2H2O resulting from the heating of the hexahydrate at 70°C [11] and for x>x2 with 
Nd2(C2O4)3·10H2O (Fig. 1a). 
Fig. 1. (a) X-ray diffraction powder patterns in the Th-Nd-Li oxalate systems. (b) Evolution of the lattice 
parameters a, b and c versus the Nd/(Th+Nd) ratio in Rb2+xThIV2-xNdIIIx(C2O4)5.nH2O solid solution. 
In previous studies [1,6], the structure of similar compounds have been determined by single-crystal X-ray 
diffraction. The (H3O+)2NpIV2(C2O4)5·nH2O oxalate crystallized in a space group P3 with a = 11.001(1) Å, c = 
6.333(2) Å whereas (NH4+)2UIV2(C2O4)5·nH2O has been latter determined in a larger cell a’ ~ 3a and c’ ~ 2c 
(space group P63/mmc) leading to a better description of the three-dimensional actinide-oxalate framework.  
Powder patterns of Th-Nd-M+ oxalate precipitates do not show the sur-structure peaks characteristics of the 
largest cell. Then it was decided to refine the powder X-ray diffraction patterns in P3 symmetry, with cell 
parameters close to a = b = 11.3 and c = 6,5. The linear evolution of the a, b unit cell parameters versus the 
Nd/(Th+Nd) ratio confirms the existence of an hexagonal solid solution with the general formula 
M+2+xTh2-xNdx(C2O4)5·nH2O which is stable within different Nd/(Th+Nd) compositions ranges. Parameter c also 
increases when Nd/(Th+Nd) ratio grows, but the linear evolution is less obvious than in the case of a and b 
parameters. An exemple for the Th-Nd-Rb system is represented Fig. 1b. 
Fig. 2 summarizes the different extends of the hexagonal solid solution domains according to the various Th-
Nd-M+ systems (M+= Li+, Na+, K+, Rb+, Cs+ or NH4+ for different Nd/(Th+Nd) ratios). It shows that the more the 
ionic radius of cations increases, the more the solid solution domain is extended. Considering that the cations act 
as spherical ions, it is noteworthy that the extension of the solid solution domain of the hexagonal phase 
containing ammonium is about the same as the one of the hexagonal phase containing either K+ or Rb+ which is 
in agreement with an ammonium radius similar to the K+/Rb+ radius as previously reported in literature [11]. 
Within the [x1-x2] range, the hexagonal shape of the crystals is typical of the hexagonal phase 
M+2+xTh2-xNdx(C2O4)5·nH2O. For x < x1 and x > x2, the SEM analysis confirms the biphasic domains shown by 
XRD analysis. Indeed large squared crystals characteristics of Th(C2O4)2·2H2O can be observed in the 10% 
precipitate (Fig. 3a). Additionnally a strong evolution of the crystallite size can be observed in relation to the Nd-
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Th-M+ systems and to the Nd/(Th+Nd) ratio (Fig. 3b). The crystals size tends to increase in presence of more 
trivalent and/or Nd in presence of smaller cations.  
 
 
Fig. 1. (a) X-ray diffraction powder patterns in the Th-Nd-Li oxalate systems.  
(b) Evolution of the lattice parameters a, b and c versus the  Nd/(Th+Nd) ratio in Rb2+xThIV2 xNdIIIx(C2O4)5.nH2O solid solution. 
 
Fig. 2. Phases obtained for the different systems Th-Nd- M+  
(M+= Li+, Na+, K+, Rb+, Cs+ and NH4+, 0 Nd/(Th+Nd) 100 % ). 
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Fig. 3. (a) SEM micrographs of the precipitates obtained in the Th-Nd-NH4+ system for different Nd/(Th+Nd) 
ratios (b) SEM micrographs of the precipitates obtained in the Th-Nd- M+  
(M+= Li+, Na+, K+, Rb+, Cs+ and NH4+, and Nd/(Th+Nd)=50%). 
4. Conclusion 
A study of a Th-Nd-M+ (M+=Alkali, Ammonium) oxalate system in fixed experimental conditions have been 
reported. X-ray powder diffraction and SEM analyses have shown an evolution of the oxalate precipitated 
phases. The mixed oxalate (M+)2+xTh2-xNdx(C2O4)5.nH2O is obtained in a large domain of existence when using 
large monovalent cations. This domain decreases when the ionic radii of the alkali metal inserted in the structure 
is smaller. The X-ray diffraction results are strongly correlated with the evolution of the crystals size and ionic 
radii. When the inserted monovalent cation M+ has a large radius, the nucleation seems to be favored i.e. for Th-
Nd-Cs+ or Rb+ systems, small crystals are obtained whereas in the Th-Nd-Na+ and Li+ systems large crystals are 
found. A thermodynamic study could be considered for a better understanding of the nucleation and crystalline 
growth laws governing these systems. 
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